To determine the role of growth hormone in overnight insulin requirements and lipolysis, five patients with chronic growth hormone deficiency and Type 1 (insulindependent) diabetes mellitus and six control patients with diabetes were each studied on two separate nights. Insulin was infused at a variable rate throughout one night to maintain euglycaemia and fixed at 04.00 hours on another. During the variable infusion, euglycaemia was maintained in control patients by a 36% increase in insulin infusion rate between 03.00 and 08.00 hours while a 46% decrease in the rate was required in growth hormone deficient patients (p < 0.02). Despite this difference, mean free insulin values were equivalent. This finding is suggestive of increased insulin clearance in growth hormone sufficient patients. Glucose levels rose in control and fell in growth hormone deficient patients when insulin infusion rates were fixed at 04.00 hours. Glycerol production and non-esterified fatty acid concentrations were significantly lower in the growth hormone deficient diabetic patients, p < 0.001, and when normalized with a heparin infusion, had no effect on insulin requirements. We conclude that: (1) growth hormone contributes to the development of the "dawn phenomenon," possibly by increasing insulin clearance (2) growth hormone helps sustain nocturnal lipolysis in Type i diabetes and (3) non-esterified fatty acids are not involved in the dawn phenomenon.
Rates of insulin replacement must increase during the early morning hours in most patients with Type 1 (insulindependent) diabetes mellitus if nocturnal euglycaemia is to be maintained. Clarke et al. [1] were among the first to investigate the potential mechanisms involved in this process, now referred to as "dawn phenomenon". When the term was coined in 1981 [2] , Schmidt ascribed the increase in nocturnal insulin requirement to a group of factors which also included waning of insulin absorption from the last subcutaneous injection. Our current use of the term "the dawn phenomenon" refers to the relative fasting hyperglycaemia that results when insulin infusion rates, adequate to provide euglycaemia during the middle of the night, are fixed through the pre-breakfast hours.
There are a multitude of metabolic changes which occur during sleep that have been postulated to provide the genesis of the dawn phenomenon. Nocturnal increments in cortisol [3] , adrenocorticotropin [4] and catecholamines [5] have been investigated and eliminated from the list of potential candidates capable of inducing a dynamic change in glucose production or leading to a state of relative insulin resistance during the pre-breakfast hours or dawn period. Plasma glucagon concentration tends to decrease or remain unchanged during the night [4, 5] and as such would not contribute to increments in hepatic glucose output. In studies designed to mimic isolated growth hormone deficiency by infusion of somatostatin with fixed replacement of insulin and glucagon to achieve levels comparable to those seen in portal blood, Campbell et al. [5] observed only a slight rise in plasma glucose by morning. But, when boluses of growth hormone were given repeatedly under the same experimental conditions, the dawn phenomenon was reproduced. Although the idea that the dawn phenomenon is somehow related to the normal nocturnal bursts of growth hormone secretion is an attractive one, not all studies designed to investigate this issue have concurred [6, 7] .
We tested the hypotheses that rates of insulin replacement required to maintain euglycaemia would not increase during the pre-breakfast period in patients with Type i diabetes and chronic growth hormone deficiency when compared to a matched group of diabetic patients with normal pituitary function, and that when insulin was held constant the former patients would not exhibit a pre-breakfast increase in plasma glucose levels. In addition, because normal nocturnal increments in growth hormone have been implicated in helping to sustain lipolysis during sleep in non-diabetic individuals [8] , glycerol turnover studies were performed in the same diabetic groups to assess the degree to which rates of lipolysis are impaired when growth hormone deficiency is superimposed on the well-controlled diabetic state. Recent studies in humans [9, 10] indicated that non-ester• fatty acids (NEFA) may compete with glucose for peripheral utilization and as such may indirectly contribute to hyperglycaemia. To the extent that rates of lipolysis, and consequently NEFA levels, are reduced in the absence of growth hormone in the setting of Type 1 diabetes, we wondered whether normalization of NEFA concentrations during the night would increase insulin requirements during the dawn period. To address this issue, growth hormone deficient patients had their night time NEFA levels "clamped" at values comparable to those observed in the control diabetic group with a variable heparin infusion while euglycaemia was maintained with variable rate insulin infusions.
Subjects, materials and methods

Subjects
Five patients (two men and three women) with Type i diabetes mellitus and chronic growth hormone and cortisol deficiency (Group A) and a control group of six patients (three men and three women) with Type 1 diabetes and intact growth hormone secretion (Group B) gave their written consent to participate in studies (see below) that were approved by Washington University Human Studies Committee and conducted at the Washington University General Clinical Research Center (GCRC). Growth hormone deficiency was the result of Sheehan's syndrome in one patient, pituitary ablation (performed for proliferative retinopathy) in three and congenital hypopituitarism in one. Growth hormone deficiency (peak growth hormone < 0.7 ng/ml) was confirmed by insulin-induced hypoglycaemia and clonidine stimulation prior to inclusion in these studies. Patients in the control group were matched for age, sex and duration of diabetes to those with growth hormone deficiency. Excluding the proliferative retinopathy present in three participants from Group A, no other major complication of diabetes (nephropathy or neuropathy based on physical examination and screening laboratory tests) was evident in these patients. Background retinopathy was noted in one other growth hormone deficient patient and in five of the control diabetic patients. All patients taking thyroid hormone replacement had normal free thyroxine concentrations. Patients with growth hormone and cortisol deficiency were switched from their usual glucocorticoid replacement to dexamethasone, 0.5 mg in the morning and 0.25 mg at 20.00 hours three days prior to study. Dexamethasone was selected because of its long half-life in order to reduce waning of glucocorticoid effect during the night. 
Protocols
Variable and Fixed Infusion Nights. All patients participated in two studies which were performed on consecutive nights. Intermediateacting insulin was discontinued at least 30 h prior to the start of the first study period. No patient was using lente or ultralente insulin.
Diabetes was managed with subcutaneous regular insulin in the morning before the first study and an intravenous infusion of regular insulin was started in the afternoon to achieve a glucose concentration of 5.6 mmol/1 by 24.00 hours. The patients' usual diets were provided with caloric intake and composition of meals matched for the two days each subject stayed at the GCRC. (Night time snacks were excluded). Physical activity was matched in the days before each study. Patients were left undisturbed at night as much as possible. Beginning at 22.00 hours, intravenous insulin (regular, purified pork; Squibb Novo, Bagsvaerd, Denmark) was infused with a Harvard Springe Pump 22 (Harvard Apparatus Inc, South Natick, Mass., USA) with changes in rate made at 15 min intervals to maintain euglycaemia at 5.6 retool/1 throughout the night (variable infusion night). On the other night, the infusion rate was varied only until 04.00 hours and then fixed for each individual at the rate which was used during the immediately preceding 15 rain (fixed infusion night). During both nights [3-3H]glucose (13.5 Ci/mmol; New England Nuclear Corporation, Boston, Mass., USA) was infused intravenously (0.2 mCi. rain-1 following a 20 mCi bolus at 22.00 hours) to allow estimation of rates of glucose production and utilization. On the night during which the glucose concentration was held steady throughout the night, [1,1-2H2] glycerol was infused at approximately 0.033 retool, kg 1. min-i so that glycerol flux could be calculated. The sequence of these studies was varied. Intravenous insulin was continued during the intervening day.
NEFA clamp in growth hormone deficient diabetic patients. Four growth hormone deficient diabetic patients were restudied on a separate occasion. Withdrawal of long-acting insulin and preparation with intravenous insulin before 24.00 hours were identical to the first two evenings. Insulin infusion was varied to maintain euglycaemia throughout the night. At 02.30 hours, heparin was infused intravenously (initial rate of 0.1 U. kg-1. rain -1) to coincide with the onset of growth hormone mediated increments in lipolysis seen in nondiabetic normal subjects [8] . NEFA concentrations were measured at 30 rain intervals with a 30 rain turn around time [11] . Theoretically, the lipoprotein lipase released by heparin infusion could lead to in vitro hydrolysis and falsely elevated fatty acid levels. However, with the doses of heparin used, we were unable to detect additional increments in fatty acid levels with prolonged incubation of the serum following the initial isolation. This is in agreement with observations by Meng and Edgren [12] . Heparin infusion rates were then adjusted in 0.01 U. kg-1. rain-1 steps by the investigator resulting in NEFA concentrations in the range seen in the growth hormone sufficient diabetic control subjects. Heparin infusion rates ranged between 0.14 and 0.15 U-kg-l-min 1 by the end of the night. In the final 2 h of the study, infusion rates were increased to result in NEFA concentrations approximately 200 Ixmol/1 in excess of the control group.
Venous blood for glucose was sampled every 15 rain during all nights. Other observations were made at 30 min intervals from 24.00 through 08.00 hours in all studies. These included blood samples which were distributed to the appropriate tubes, kept on ice, and centrifuged promptly. The supernatants were then frozen for subsequent analysis.
Comparison of free insulin concentrations determined by immediate and delayed polyethylene glycol precipitation techniques. Six other
Type 1 diabetic patients arrived fasting at the GCRC and gave informed consent to have one intravenous catheter for blood sampling inserted. After two samples for baseline, free insulin values were obtained, they then administered their usual dose of subcutaneous regular insulin and ate breakfast. Samples for free insulin were collected every 30 rain in tubes containing EDTA and treated by both of the following methods: (1) Bedside Separation. The whole blood was spun in a microcentrifuge for 1 rain at room temperature and an aliquot of plasma immediately added to an equal volume of 30% chilled polyethylene glycol (4~ allowed to stand on ice for 15 rain, spun in a microcentrifuge for 1 min and the supernate collected and frozen for subsequent analysis [13] , (2) Delayed Separation. The blood was centrifuged at 4~ and the plasma collected and frozen for later thawing and polyethylene glycol precipitation according to the method of Kuzuya et al. [14] .
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Analytical methods
Plasma glucose was measured with a glucose oxidase method using a glucose analyser (Beckman Instruments, Inc., Fullerton, Calif., USA). Plasma free insulin and C-peptide [14] , glucagon [15] , growth hormone [16] and cortisol [17] were measured with radioimmunoassays, plasma norepinephrine and epinephrine with a single isotope derivative radioenzymatic method [18] . Blood ~-hydroxybutyrate [19] , lactate [20] and alanine [21] were measured with microfluorimetric methods. NEFAs [11] were determined by a rapid enzymatic technique. Plasma for glucose radioactivity was precipitated with perchloracetic acid and the supernatant decanted, dried and reconstituted in distilled water prior to scintillation counting; glucose production and utilization rates were calculated as described previously [22] . Glycerol concentration and flux were determined by gas-chromatographic mass spectrometry using a modification of the procedure described by Beylot et al. [23] .
Statistical analysis
Data are presented as the mean _+ SEM. Insulin clearance was calculated for each individual as the mean rate of insulin infusion during the 30 min before a blood sample was obtained, divided by the individual's free insulin concentration measured at the end of that 30 min. Rates of increase or decrease in insulin infusion rate, insulin clearance or other parameters of interest were determined by linear regression (least squares fit) for specified time spans for each individual and the slopes compared with a t-test for unpaired data. Areas under the curve for rates of glucose production and utilization, glycerol flux and the concentration curves of intermediary metabolites which did not change significantly over the night were determined for each individual by applying sequential trapezoidal summation P. J. Boyle et al.: Lipolysis and the dawn phenomenon between observation points and testing them for significance with an unpaired t-test.
Results
Variable Infusion Night
Glucose and insulin infusion requirements (Fig. 1) . Mean plasma glucose was slightly higher in Group A from 24.00 to 02.00 hours, but thereafter was maintained quite close to the target of 5.0 mmol/1 in both groups. Decrements in insulin infusion requirements occurred in both groups from 24.00 to 02.00 hours in order to achieve the target glucose of 5. requirements, beginning at 5.6 + 1.8 ml.kg -1.rain -1 at 02.00hours and reaching 10.0+3.2ml.kg-~.min -1 at 06.00 hours (p < 0.01). mean clearance rates for Group A were steady at 4.2 ml. kg-1. min-1 at both time points. Insulin infusates were sampled hourly and assayed for insulin content and no appreciable change was noted. (Fig. 3) .
Comparison of free insulin concentrations by two techniques of sample preparation following subcutaneous injection of insulin in patients with Type 1 diabetes
Mean pre-injection free insulin values were 108+ 43 pmol/1 (15 + 6 pU/ml) and 65 + 14 pmol/1 (9 + 2 btU/ml) by delayed and immediate polyethylene glycol separation respectively (NS). Mean peak concentrations during the 375 4 h following the injection were not significantly different by the two techniques, 215 + 57 and 158 + 14 pmol/1 but were each significantly higher than the pre-injection values (both p < 0.01). Thus, the mean measurable increment from baseline to peak value was 108+ 14 and 93 + 14 pmol/1 respectively, NS.
Glucose turnover (Fig. 4) . Mean rates of glucose production and utilization fluctuated slightly but were 20 to 30% higher at every time point examined in the diabetic control group relative to those with growth hormone deficiency (NS).
Counterregulatory hormones, lactate, alanine, and fl-hydroxybutyrate (Table 1 
Time (hours) Fig.6 . Glucose concentration, insulin infusion rates, plasma free insulin, and insulin clearance rate mean+SEM at 02.00 and 06.00 hours in Type 1 (insulin-dependent) diabetic patients (open columns) and Type 1 diabetic patients with growth hormone deficiency (closed columns) when the insulin infusion rate was fixed at 04.00 hours Group A were higher than Group B at all time points during the night. Areas under the curve for NEFA for each individual were significantly different between the two groups, p < 0.05. Mean glycerol concentration increased approximately 30 gmol/1 between 24.00 and 02.00 hours and then declined to baseline by 06.00 hours in Group A. There were no significant changes in Group B during the night and absolute mean concentration of glycerol was not different between the two groups during the dawn period (04.00 to 08.00 hours). Glycerol production rates were approximately three-to five-fold higher in diabetic subjects with growth hormone compared to those without, p < 0.05. (Fig. 6 ). Mean plasma glucose concentration at 02.00 hours was not different between groups. By 04.00hours glucose was stable at 5.4 + 0.1 retool/1 and 5.0 + 0.2 mmol/1 for Group A and B, respectively. After insulin infusion rates in the diabetic control group were fixed at 0.23 + 0.03 mU. kg-1. rain-1, the plasma glucose level rose to only 5.8 +0.2 retool/1 at 06.00hours although it reached a maximum of 6.7 + 0.5 mmol/1 by 08.00 hours (latter data not shown). Conversely, after insulin infusion rates in Group B were fixed at 0.18 _+ 0.06 mU. kg -1. rain-1, plasma glucose fell slightly to 4.7 + 0.6 mmol/1 at 06.00 hours and further to 4.4 _+ 0.9 mmol/1 by 08.00 hours (latter data not shown). The decrements observed in Group B underestimate the true level of glycaemia that would have occurred under these conditions, as one subject in Group B had the infusion interrupted when plasma glucose reached 3.1 mmol/1. Mean free insulin concentration fell slightly in Group A which had normal pituitary function while the growth hormone deficient group's mean free insulin concentration was not different at the end of the night relative to that at 02.00 or 04.00 hours. Insulin clearance appeared to increase between 02.00 and 06.00 hours but failed to achieve significance.
Fixed infusion night
NEFA clamp (Fig.7) . Mean plasma glucose concentrations were well-matched on both nights in Group A patients before 02.30 hours but tended to be slightly higher between 03.00 and 06.00 hours during the night heparin was infused. The insulin infusion rate to achieve this level of glycaemia was not significantly different from the night when NEFA was not elevated by heparin. Likewise, the plasma free insulin concentrations were not significantly different between the two nights. NEFA levels increased to the desired range of 600 ~tmol/1 until 06.00 hours when Fig.7 . Glucose concentration, insulin infusion requirements, NEFA concentrations, free insulin concentrations, glucose production and utilization mean _+ SEM with heparin infusion added (closed symbols) at 02.30 hours to variable insulin infusions in growth hormone deficient Type 1 (insulin-dependent) diabetic patients compared with 0.9% NaC1 infusions in the same patients they were elevated further to approximately 800 ~tmol/1. Both mean glucose production and utilization transiently decreased after heparin was added but returned to baseline within 2 h and stayed there despite further increments in NEFA in the final 2 h.
Discussion
For over a decade the mechanisms involved in the genesis of the dawn phenomenon have been debated. Our observations are in agreement with the original conclusion of Campbell et al. [4] that growth hormone is the essential regulatory factor which somehow sets the stage for increased insulin requirements in the dawn hours. However, the relative hyperglycaemia that results from failing to match insulin requirements is at most only 2.8 mmol/1 when the infusion is fixed at 04.00 hours. This figure is remarkably similar to that of approximately 2.0 mmol/1 reported by Bolli [24] . Thus, the magnitude of the dawn phenomenon is not great. One potential argument against concluding that growth hormone is a mediator of the dawn phenomenon from these investigations is that normal late night increments in cortisol secretion were also absent in our patients with hypopituitarism. (Glucocorticoid deficiency was managed with dexamethasone replacement so that basal requirements were met.) However, given the several hour delay in steroid hormone action following its endogenous release [25] , one would not expect there to be an effect of increased nocturnal cortisol secretion until long after the dawn period. In fact, blockade of the usual morning rise in cortisol, using dexamethasone to inhibit ACTH secretion, has been shown not to alter the dawn phenomenon [4] . Additionally, blockade of cortisol synthesis during the night with metyrapone does not alter nocturnal insulin requirements in Type 1 diabetes [3] . Thus, the combination of chronic growth hormone deficiency and absence of nocturnal increments in cortisol over baseline in our patients is unlikely to have produced results different from growth hormone deficiency in isolation.
The large difference in insulin infusion rates during the final half of the night with resulting mean free insulin concentrations that were equivalent at all time points requires comment. The rate of insulin clearance (infusion rate divided by free insulin concentration) appears to have increased only in the growth hormone sufficient group. Increments in nocturnal rates of insulin clearance have been reported previously [26, 27] , but the validity of the observations have been questioned because of technical difficulties with the method of insulin delivery employed [28] . In the present study, insulin delivery was constant as evidenced by the measurement of constant insulin content in the infusate and infusing it by syringe pump. Thus, the critical value in calculating metabolic clearance rate of insulin becomes the plasma free insulin measurement. It has been suggested [29] that the inability of the polyethylene glycol method, used to measure plasma free insulin concentrations in samples from patients with Type 1 diabetes, to detect small differences in insulin levels in the labora-tories of some investigators might explain the finding of pre-breakfast increments in calculated insulin clearance.
Although our current data demonstrate that the absolute concentrations of free insulin measured by the two commonly employed methods were not identical, the absolute increment that both methods are capable of detecting is equivalent. Therefore, we believe that our observed increase in clearance during the dawn period was not due to an artifact. In support of this observation, Arslanian and Ohki [30] have recently published a preliminary report showing an increased metabolic clearance rate of insulin (determined from samples precipitated for free insulin at the bedside) during the dawn period in ten adolescent diabetic patients using an experimental design similar to that employed in this study.
De Feo et al. [31] have presented strong evidence to the contrary. They examined insulin clearance during the night in patients with Type 1 diabetes and found no difference during the hours of 22.00 to 02.30 hours vs 04.00 to 08.30 hours at three different infusion rates. A potential difference between that study and our current observation is that their initial clearance measurements may have been performed too early rather than during the nadir of glucose turnover (about 03.004)5.00 hours). Also, insulin clearance rates were averaged over blocks of time in De Feo's study while the pre-breakfast peak in insulin clearance that we report was of relatively short duration and might have been missed by averaging. Recently, this study was repeated at different insulin infusion rates [32] ; clearance rates, again averaged between 24.00 and 02.00 hours vs 06.00 to 08.00 hours, were not different. Likewise, Campbell and Gerich [33] found no change in insulin clearance using a continuous insulin infusion by Harvard pump. The presence or absence of altered insulin clearance in relationship to the growth hormone-related component of the dawn phenomenon remains controversial.
Growth hormone appears to be a key factor regulating lipolysis during the night in patients with insulin-dependent diabetes mellitus. Both glycerol flux and NEFA concentrations were significantly lower in the absence of growth hormone at equivalent levels of glycaemia. Despite lower rates of glycerol production, glycerol concentrations were similar between the two groups. Thus, rates of glycerol utilization must have been lower (relative to control diabetic patients) with growth hormone absent. The significance of this observation is unclear. The failure of glycerol production to increase substantially during the second half of the night in growth hormone sufficient diabetic patients is likely the result of a potent inhibition of lipolysis which appears above peripheral insulin levels of 180 pmol/1 (25 ~tU/ml) [34] . Thus, any contribution which growth hormone is likely to have made toward increments in NEFA concentrations would likely by blunted by the relative hyperinsulinaemia required to produce euglycaemia in the current study. Still, it is of interest that even in the presence of high free insulin concentrations, growth hormone provides an important positive signal for lipolysis.
Growth hormone secretion may lead to increased insulin requirements during the dawn period by elevating NEFA which compete for glucose utilization as described initially by Randle [35] . Ferrannini et al. [9] extended the observation to human subjects during euglycaemic hyperinsulinaemic clamps studies coupled with lipid infusion and observed sustained reductions in glucose disposal at NEFA concentrations which exceeded 1000 gmol/1. Lee [10] later observed increased glucose production with normal utilization during clamp studies with insulin and NEFA concentrations similar to those seen in our patients. However, in the current studies, when low doses of heparin were administered to growth hormone deficient diabetic patients, the resulting normalization of NEFA to levels seen in the control group caused only a transient fall in peripheral glucose disposal and the amount of insulin infused to maintain euglycaemia was not increased significantly compared to nights when heparin was not given. Thus, although the number of patients studied was small, the data suggest that the growth hormone related difference in nocturnal NEFA concentration which we report does not serve as a connecting mechanism between the hormone's secretion and the dawn phenomenon.
Finally, diminished insulin sensitivity and the resultant increase in glucose production have been thought to contribute to the dawn phenomenon [5, 32, 36, 37] . Continuous intravenous infusion of growth hormone for 12 h at rates sufficient to raise serum growth hormone concentrations into a range seen only for brief periods during sleep, results in impaired insulin-mediated glucose disposal in vivo [37] . Endogenous rates of glucose production tended to be lower in Group A suggesting a relatively heightened insulin responsiveness, but the difference was not significant. The fact that equivalent glycaemic levels were observed with nearly identical, stable insulin concentrations in both groups on the variable infusion night does not support insulin resistance as a mechanism linking growth hormone secretion to increments in insulin requirements hours later.
In summary, our finding that the dawn phenomenon does not occur in growth hormone deficient patients with Type 1 diabetes provides further evidence that nocturnal growth hormone secretion plays a key role in the pathogenesis of the dawn phenomenon in Type i diabetes. However, the mechanism by which growth hormone mediates this effect (e. g. through altered insulin clearance or sensitivity) remains controversial.
